The in‰uence of anisotropy on the elastic shear modulus of clays was addressed using test results obtained from a series of laboratory tests; i.e., triaxial test and Square oedometer. Under various stress stages imposing under triaxial condition, the deviator stress had an indiscernible in‰uence on the elastic shear modulus. The path of vertically logged elastic shear modulus of clay could reasonably be expressed in terms of mean eŠective stress. Two pairs of bender elements were installed in the square oedometer so that shear wave velocities of samples which were trimmed parallel or perpendicular to their bedding direction can be measured in the vertical and horizontal directions. For sample trimmed parallel to the bedding direction (conventional one), the horizontal shear wave velocity was larger than the vertical one. The opposite observation, however, was observed for sample trimmed 90 degrees apart. The extents of diŠerent in vertically and horizontally logged shear wave velocities from both types of samples were almost similar. This clearly indicated the in‰uence of inherent anisotropy rather than the stress induced. The mean eŠective stress can well represent the stage variable of elastic shear modulus.
INTRODUCTION
The elasto-plastic theory decomposes a total strain increment into elastic and plastic components. Though composing of two main parts, most researches in the past decades were concentrated in developing sophisticated plasticity models (Chen and Mizuno, 1990) . The elastic counterpart is generally treated as isotropic and constant. This is acceptable in problems which encounter large strains (e.g., stability analysis). In most modern civil structures, deformation becomes the prime concern. It requires understanding of soils' behavior at small to medium strains; e.g., more accurate representation of elastic properties.
The most important physical factors to be distinguished prior to conducting any study on elastic shear modulus is the in‰uence of anisotropy; especially the inherent one. This is because the inherent anisotropy is highly site speciˆc and can greatly aŠect the conclusion of the study. There are two types of anisotropy in elastic properties of soils, namely, structural anisotropy and external constraints (e.g., stress induced) anisotropy. Anisotropy of soil properties due to structural anisotropy is inherent and often encountered in theˆeld. While the stress induced anisotropy causes a homogeneous material to behave anisotropically under anisotropic loading. In order to study anisotropy in the laboratory, two conditions are necessary. Theˆrst is to create an anisotropic loading condition and the second is to have a capability to distinguish the in‰uences of the inherent and stress induced anisotropy.
Elastic shear modulus of soil, G, is highly dependent on its stress states. Hardin (1978) proposed to use the mean eŠective stress, p?＝(s? 1 ＋s? 2 ＋s? 3)/3, to represent the in‰uence of stress conditions, irrespective to the stress deviator. The use of mean eŠective stress implies the minor in‰uence of stress induced anisotropy. The equation can be generalized as shown in Eq. (1).
G pr
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Where
A＝material constant, pr＝reference stress, f(e)＝function expressing in‰uence of void ratio (e), g(OCR)＝function expressing in‰uence of overconsolidation ratio (OCR), h(p?/pr)＝function expressing in‰uence of mean eŠec-tive stress ( p?) Recent development reveals that elastic shear modulus of soils may somewhat be aŠected by deviator stress or individual stress component. Such observation on sandy soils has been widely recognized (Roesler, 1979; Tatsuoka et al., 1979; Yu and Richart, 1984; Zeng and Ni, 1999) . Roesler (1979) proposed that the stresses in the propaga- tion and particle motion directions, s? pd and s? pm, are the only two stresses aŠecting the shear wave velocity of sandy soil (more details of s? pd and s? pm are given in Fig.  2 ). The stress acting orthogonal to the wave motion plane can be neglected as shown in Eq. (2) G pr
h1(s? pd/pr) ＝function expressing in‰uence of eŠective stress in wave propagation direction h2(s? pm/pr) ＝function expressing in‰uence of eŠective stress in particle motion direction For clayey soil, the dependency of elastic shear modulus on deviator stress (or individual stress component) had also been studied (Viggiani and Atkinson, 1995; Lanzo et al., 1997; Rampello et al., 1997; Pennington et al., 1997). Unlike sandy soils, the extent of individual stress dependency of clayey soils can be rated as moderate. It should be noted that in most literature the in‰uence of structural anisotropy has not been portioned out from the test results.
MATERIAL AND TESTING PROCEDURE
Two laboratory equipments; i.e., the conventional triaxial and square oedometer, were used to study the eŠect of anisotropy on the elastic shear modulus of a clayey soil (Fig. 1) . The elastic shear modulus was measured using (a) a pair of bender elements installed at top cap and pedestal in the triaxial cell and (b) two pairs of bender elements for measurement of vertically and horizontally propagated shear wave velocities in the square oedometer. Undisturbed samples of soft Bangkok clays were collected at depths between 7-15 m from a site in center of Bangkok as used by Teachavorasinskun and Akkarakun (2004) . The basic physical properties of the soil used are summarized in Table 1 .
In most laboratory tests, four possible shear wave propagation paths can be generated; i.e., two in vertical and two in horizontal directions as depicted in Fig. 2 .
Vertical direction (v s ) v×h1 ＝Shear wave travels in s v direction, particle moves in (sh)1 direction (vs)v×h2＝Shear wave travels in sv direction, particle moves in (sh)2 direction Horizontal direction (v s ) h2×h1 ＝Shear wave travels in (s h ) 2 direction, particle moves in (sh)1 direction (vs)h2×v＝Shear wave travels in (sh)2 direction, particle moves in sv direction Due to symmetry of horizontal stress, (vs)v×h1 §(vs)v×h2. Since (v s ) h2×v and (v s ) v×h2 are dependent on the same stress components and limitation of equipment, only two most necessary wave propagation patterns ((vs)v×h and (vs)h×h) are measured.
In conventional traixial equipment, only (vs)v×h will be measured using bender element. Horizontally propagated shear wave may be generated in larger triaxial equipment using sandy specimen; i.e., Kuwano and Jardine (2002) and Pennington et al. (1997) . In this study, the dependencies of shear modulus on stress induced anisotropy were studied in two manners; i.e., during anisotropic consolidation and during undrained shearing. The in‰uence of the inherent anisotropy was not examined because of the limitation of equipment as mentioned earlier.
In the square oedometer, a lateral load cell was installed on a side wall ( Fig. 1(b) ) to measure the horizontal force. Two pairs of bender element were adopted in the equipment, one for measuring (v s ) v×h in the vertical direction and the other for (vs)h×h in the horizontal direction. Tested samples were trimmed perpendicular and parallel to its bedding plane in order to examine the in‰uence of inherent anisotropy. Table 2 summarizes some geometry and testing conditions used for both apparatuses.
TEST RESULTS AND DISCUSSIONS
Teachavorasinskun and Amornwithayalax (2002) and Teachavorasinskun and Akkarakun (2004) reported the independency of elastic shear modulus on the deviator stress applied during undrained triaxial compression. In those previous studies, the tested samples, however, were isotropically consolidated ones. In order to cover a broader view of deviator stress dependency characteristic of shear modulus, triaxial tests on anisotropically consolidated samples were conducted in the present study. Figure 3 shows a typical shear wave time history obtained from a test. At a point of measurement, shear waves were generated twice with diŠerent polarization as shown in theˆgure. Arrival time was then determined from the crossing of those two arrival shear waves. Fig. 5 ), it can be further observed that the deviator stresses, q＝s? v -s? h, imposing during anisotropic consolidation and undrained compression play a minor role on the measured elastic shear modulus. All paths of elastic shear modulus follow one obtained during isotropic consolidation. Minor in‰uence of void ratio may exist in comparison between consolidation and undrained shearing. This is because (1) void ratios at the end of consolidation and the beginning of undrained shearing were the same and (2) change (reduction) of p? during shearing was small. As a consequence, normalization of shear modulus by function of void ratio was not done in order to provide the absolute values of shear modulus for future application.
The normalized elastic shear modulus from triaxial test, together with (G e )vh/F(e) obtained from the oedometer test, are plotted against p? in Fig. 5 . Since there is not enough database for Bangkok clay to formulate F(e), several existing functions had been in trial. The bestˆt expression, F(e)＝((2.97-e) 2 /1＋e), was then adopted. Samples collected from 3 depths as indicated in Table 2 were tested in square oedometer. The plasticity indices of tested samples varied from around 30 to 55 depending on depths of sampling (Table 1) . Comparison between results obtained from triaxial and oedometer tests conducted on samples of similar depths again conˆrms that deviator stress plays minor role on the elastic shear modulus of clayey soils used in the study. It should be noted that scattering of data shown in Fig. 5 was caused by attempts to combine all data obtained from diŠerent conditions together. Theˆgure therefore speciˆcally aims to provide an overall picture showing the in‰uence of eŠective mean stress on elastic shear modulus of clays.
The in‰uence of OCR cannot be conclusively drawn based on test results from triaxial and oedometer tests. This is because the diŠerence in deˆnition of OCR, namely; the overconsolidation ratios deˆned based on various stress components are diŠerent as shown in Eqs. (3) and (4). One might presume from the conclusion drawn above that if the material were inherent isotropic, the general isotopic elastic expression (G e )vh＝(G e )hh＝G e would be true. It should be further noted that, for clayey soils tested in the present study, the conventionally deˆned shear modulus computed from the relationship between deviator stress and deviator strain during shearing would be diŠerent from (G e )vh due to its inherent anisotropic nature. Namely; For the clay tested (inherent anisotropy material), the shear modulus determined using shear stress and shear strain obtained during triaxial test does not directly represent the exact elastic shear modulus (G e )vh.
CONCLUSIONS
The shear wave velocity measured in the laboratory under various loading conditions indicated minor in‰uence of the stress induced anisotropy. The elastic shear modulus is rather dependent on the mean eŠective stress than the deviator stress. On the contrary, inherent anisotropy played an important role on the elastic shear modulus of clays. The in‰uence of OCR could not be conclusively drawn from the test results.
